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Quasi-one-dimensional nanostructures of silicon, oxides, and other materials show great promise for
a variety of applications. These nanostructures are commonly grown using metal catalyst
nanoparticles. This paper investigates the growth mechanism of Au-catalyzed Si nanowires through
in situ x-ray diffraction, and the results are compared to previously studied Au-catalyzed ZnO
nanorods. The Si nanowires were found to grow from molten catalyst particles, however, the ZnO
nanorods were found to grow from solid catalyst particles through a surface diffusion process. From
this comparison, the relative bonding types of the catalyst and source material are determined to
have a significant effect on the growth mechanism. © 2010 American Institute of Physics.
doi:10.1063/1.3452342
I. INTRODUCTION
Silicon nanowires have been the subject of much re-
search, due to their potential applications in many different
areas. They have been demonstrated for use in electrical
sensing in biosystems.1–3 Silicon nanowires perform better
than traditional materials in anodes for lithium ion bat-
teries, having a higher charge capacity.4–7 Silicon nanowires
have also found application in solar cells, both as ab-
sorber and as an antireflective coating.8–11 Basic logic and
memory elements including silicon nanowires have been
demonstrated,12,13 presaging applications in nanoelectronics.
Silicon nanowires are commonly grown by bottom-up
approaches involving the deposition of a Si-containing vapor
source material on the surface of a metal catalyst. From in-
vestigations of Au-catalyzed Si whiskers i.e., high aspect
ratio crystals in the micron range, Wagner and Ellis
formulated in 1964 the vapor-liquid-solid VLS growth
mechanism.14,15 In the VLS mechanism, the source material,
supplied in vapor form, is decomposed on the surface of and
absorbed into the catalyst particle. The catalyst particle melts
to the liquid state due to a eutectic reaction with the source
material. Source material continues to dissolve into the liquid
catalyst particle until it becomes supersaturated, at which
point a solid particle nucleates on the surface. Continued
growth at the interface between the liquid catalyst and solid
particle leads to the formation of a one-dimensional 1D
nanostructure. The VLS mechanism was generally accepted
for the growth of whiskers and later applied to the catalyzed
growth of 1D nanostructures of silicon and other materials,
including compound semiconductors and oxides. However,
the growth mechanism is still not fully understood, with
questions remaining about the state of the catalyst particle
during growth16,17 and the diffusion path of the source mate-
rial to the growth front.18–20
The purpose of this research is to investigate the growth
mechanism of catalyzed 1D nanostructures through in-situ
x-ray diffraction analysis during the growth of Au-catalyzed
Si nanowires. Information concerning the catalyst particle
state during growth and the diffusion path of the growth
species to the growth front is obtained and compared to
our previously published results for Au-catalyzed ZnO
nanorods.21 From this comparison, the relative bonding types
of the catalyst and source material are determined to have a
significant effect on the growth mechanism.
II. SYNTHESIS AND CHARACTERIZATION OF
NANOSTRUCTURES
Gold-catalyzed silicon nanowires were grown in an
x-ray furnace so that in situ x-ray diffraction data could be
collected during growth. The nanowires were grown in an
Anton-Paar HTK1200 oven-type furnace attached to a Pana-
lytical X’Pert PRO diffractometer. The temperature of the
furnace was validated using known phase transitions of stan-
dard materials. The substrates, surface oxidized single-
crystal Si 100 sputtered with 5 to 10 nm of gold, were
placed in the center of the furnace. Prior to heating, the fur-
nace was evacuated to a base pressure around 10−3 to
10−2 mbar. The residual oxygen was further reduced by
purging the chamber with N2 and by holding the furnace at
the growth temperature for 1 h prior to starting growth. The
growth temperature was 685 °C. The source gas, a mixture
of 1% silane SiH4 in nitrogen was flowed for 30–60 min.
The growth pressure was around 3 mbar, and after growth
the furnace was cooled under vacuum around 10−3 mbar.
The samples were imaged with scanning electron mi-
croscopy as shown in Figs. 1a and 1b. The density of
nanowire growth is high, with the nanowires forming a
tangled layer. Measuring the nanowire lengths is difficult,
due to the tangled nature of the growth. However, the lengths
appear to be on the order of several microns or greater. The
nanowires have diameters of 217 nm. The aspect ratio of
the nanowires is on the order of 100.
Closer examination with transmission electron micros-
copy TEM reveals catalyst particles at the tips of the nano-aElectronic mail: robert.snyder@mse.gatech.edu
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wires, as seen in Fig. 1c. The catalyst particles are roughly
hemispherical in shape, with diameters around 20 nm. The
catalyst particles and nanowires are covered with a layer,
around 2 nm thick, which is likely amorphous silica. Energy
dispersive spectroscopy EDS spectra from areas including
and not including catalyst particles confirm the presence of
Au in the catalyst particles, and its absence in the nanowires,
as seen in Fig. 2. The Cu and C peaks are from the TEM grid
and film. The O peak may come from impurities in the car-
bon grid or from amorphous silica.
In order to further investigate the synthesis process, sev-
eral control samples were made, keeping the same condi-
tions, but changing one key factor in each control. For one
sample, no gold was deposited on the substrate. Without the
gold, no nanowires grew, though some rough deposition, pre-
sumably silicon, was observed on the substrate indicating
that gold is necessary to catalyze the growth of nanowires.
For another control sample, the substrates were coated with
gold, but the N2/silane mixture source gas was replaced with
pure N2 gas. Again, no nanowires grew, indicating that the
silane is necessary for growth, and suggesting that the silicon
substrate does not contribute to the process.
The nanowires were further characterized with high-
resolution transmission electron microscopy HRTEM, as
seen in Fig. 1d. The nanowires are crystalline, with a
growth direction of 111, determined from the average lat-
tice spacing of around 3.5 Å, which is consistent with the
expected 111 lattice spacing. HRTEM images collected
from some curved areas of the nanowires show crystal de-
fects, namely 111 twins and stacking faults. The observed
crystal defects may allow the nanowires to remain crystalline
while they are strongly curved.
III. IN SITU X-RAY ANALYSIS
In situ x-ray diffraction XRD data were collected dur-
ing the growth of the silicon nanowires with Cu K1 radia-
tion. An incident-side Göbel mirror and a linear position sen-
sitive detector were used for fast data collection. This x-ray
optic combination is susceptible to peak shift due to sample
surface displacement, therefore usable information is derived
based on peak intensity only, not position. The in situ XRD
data for a typical sample are shown in Fig. 3. In the initial
heating stage, the gold 111 peak increases in intensity and
narrows. This is indicative of the as-sputtered gold increas-
ing in crystallite size as it is annealed, and forming 111-
oriented nanoparticles. During the 1 h hold at the growth
temperature before the introduction of silane, there is little
change in the x-ray scans. Once the silane flow starts, the
gold peaks immediately and quickly begin to disappear, in-
dicating that the gold nanoparticles are losing their crystal
structure. The gold peaks reappear after cooling to room tem-
perature, as the gold resolidifies from the molten state. After
FIG. 1. Au-catalyzed Si nanowires grown via silane decomposition, imaged with a and b scanning electron microscopy SEM, c TEM, showing catalyst
particle and amorphous layer, and d HRTEM, showing 111 growth direction, 111 twin planes lines and stacking faults arrows.
FIG. 2. Color online EDS spectra collected in TEM from an area contain-
ing a catalyst particle top and an area containing only a nanowire bottom.
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growth, the gold signal is that of a randomly oriented poly-
crystalline material. As the gold is now at the tips of the
nanowires, it no longer preserves an epitaxial relationship
with the substrate. For samples where nanowires did not
grow, the gold did not melt, with only one outlier.
For several samples, in situ XRD data were also col-
lected during cooling after growth, in order to investigate the
gold recrystallization temperature. The gold peaks do not
reappear until the scan collected at 284 °C. This is signifi-
cantly below the gold–silicon eutectic temperature of
364 °C.22 The eutectic temperature may be lowered for the
Au nanoparticles due to the Gibbs–Thompson effect, as has
been previously reported during the growth of Ge
nanowires.23 The Gibbs–Thompson effect relates the radius
of curvature of a particle, and consequently the diameter, to
the vapor pressure and further to other properties, including
the melting temperature.
IV. POSTGROWTH X-RAY DIFFRACTION
CHARACTERIZATION
After synthesis in the x-ray furnace, the silicon nanowire
samples were further characterized using additional x-ray
diffraction techniques. The additional XRD data collection
was optimized for accurate lattice parameter determination,
with a Göbel mirror, 0.09° parallel plate collimator, and 0.04
rad Soller slits. The radiation was Cu K1. Since the nano-
wires are not preferentially aligned, as can be clearly seen in
the SEM images, the grazing incidence technique could be
employed to increase the signal from the nanowires. Addi-
tionally, as the substrate is single crystal, diffraction peaks
due to the substrate will not appear in grazing incidence
x-ray diffraction GIXRD scans, allowing the signal from
the nanowires to be clearly distinguished. Signals from both
the gold catalyst particles and silicon nanowires are present,
as seen in Fig. 4. No other phases are observed.
Since many peaks from each phase may be observed,
Pawley whole pattern fitting may be applied to the scans. For
this sample, the patterns were fit using a second-order poly-
nomial background curve and a pseudo-Voigt peak shape
function. Two-theta zero and sample surface displacement
errors were not refined, as they were minimized by aligning
the instrument before measurement and through the use of
parallel beam optics, respectively. At least three GIXRD
scans were collected from each of three samples, and the
results averaged.
For the gold phase in post thermally processed samples,
the lattice parameter averaged over three samples was deter-
mined to be 4.07310.0025 Å. This value is statistically
the same i.e., within 3 as that measured from a control
sample never exposed to SiH4 4.07850.0006 Å, which
indicates that there is no significant amount of Si dissolved
into the Au. Alloying of Si into Au should cause a significant
decrease in the gold lattice parameter.24,25 As no significant
decrease was seen in the gold lattice parameter from samples
with Si nanowires, it may be concluded that there is no Si in
the Au after growth.
The melting point of pure gold 1063 °C is well above
the growth temperature of the nanowires, even when ac-
counting for the Gibbs–Thompson effect on the melting
point of nanosized particles.26 Therefore, silicon must have
dissolved into the gold catalyst particles during growth, in
order to cause eutectic melting. The Au–Si eutectic tempera-
ture, 366 °C, is below the growth temperature.22 However,
as shown above, no silicon is present in the gold at room
temperature after growth. From the phase diagram,22 it may
be seen that there is little solid solubility of silicon in gold.
This is supported by literature reports, which have found that
rapid quenching from a Au–Si melt is necessary to prevent
the formation of separate gold and silicon phases upon
solidification.27,28 Therefore, the silicon likely exsolves out
of the gold nanoparticles as the gold nanoparticles recrystal-
lize on cooling. The small dimensions of the nanoparticles
may allow the silicon time to diffuse to the surface, where it
forms a thin shell, as seen in Fig. 1c.
V. IMPLICATIONS FOR THE GROWTH MODEL
In the VLS mechanism, the catalyst particle is liquid
during growth. However, some studies in the literature have
FIG. 3. Color online In situ XRD data from the growth of Au-catalyzed Si
nanowires. Each horizontal line is one XRD scan, with the intensity repre-
sented by the color. The first scan is at the bottom, and time progresses
upward. The inset shows the same data in a three-dimensional view. FIG. 4. Color online GIXRD scan of Au-catalyzed Si nanowires.
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reported that 1D nanostructures may also be grown by solid
catalyst particles, which has been termed the vapor-solid-
solid mechanism. In an early study of Ti-catalyzed Si nano-
wires were grown from silane at temperatures around 700°
below the eutectic temperature around 1330 °C.29 Since
then, there have been more reports of 1D nanostructure
growth from solid catalyst particles, in most cases for growth
below the eutectic temperature. Kodambaka et al.30 investi-
gated nanowire growth in situ in a TEM. They found that
nanowires could grow from solid and liquid catalysts at the
same temperature, depending on the source material pressure
and thermal history. Some studies of Au-catalyzed InAs and
InP nanowires have even reported that growth could only
occur with solid catalyst particles,31,32 as no nanowire growth
was observed above the eutectic temperature.
The above results on gold-catalyzed silicon nanowires
have some interesting implications for the growth model.
The in situ XRD data clearly and conclusively show that the
gold catalyst particles are molten during nanowire growth.
This is in contrast to our previously published results for
gold-catalyzed ZnO nanowires,21 where the catalyst particle
was determined to be solid during growth. Although the
growth temperatures were above the Au–Zn eutectic tem-
perature, no Zn was present in the gold to cause eutectic
melting. The presence of a solid catalyst particle was verified
with high-temperature XRD data collected postgrowth.
In the conventional understanding of the VLS mecha-
nism, diffusion of the source material to the growth front
occurs through the catalyst particle bulk. However, a few
studies have pointed to the possibility of surface diffusion
around the catalyst particle.33,34 Experimental evidence for
surface diffusion was found in a study of the growth of Ni,
Co, and Fe catalyzed carbon nanofibers.20 The authors mea-
sured a low activation energy, comparable to that for the
diffusion of carbon on Ni and Co surfaces and much smaller
than for the diffusion of carbon through bulk Ni and Co.
Also, a study of Au-catalyzed InAs/GaAs heterostructures
found a sharp interface between InAs and GaAs when the
source material was switched during growth from trimethyl
indium to triethyl gallium.35 If growth proceeds by bulk su-
persaturation, a region of mixed composition should have
been observed.
The high surface-to-volume ratio in the nanosize regime
causes surface related effects to gain prominence, and sur-
face diffusion coefficients are generally several orders of
magnitude larger than bulk diffusion coefficients, due to bro-
ken and dangling bonds on the surface. Therefore, it is rea-
sonable that the catalyzed growth of 1D nanostructures could
proceed by surface diffusion of the growth species around
the catalyst. In addition, metal nanoparticles will have a qua-
siliquid layer QLL on the surface.36,37 The high surface
curvature of nanoparticles causes the surface atoms to adopt
a disordered arrangement in order to reduce the surface en-
ergy, with a liquidlike structure,38 which would have a high
sticking coefficient for preferential adsorption. QLLs have
been found to have unusually high diffusion coefficients, to
the point of approaching, or even exceeding, the bulk liquid
diffusion coefficient at temperatures approaching the melting
point.39 The presence of such a liquidlike layer on the surface
of the catalyst particles would further favor surface diffusion
of the growth species to the growth front.
For the Au-catalyzed Si nanowires, the diffusion path
was determined to be through the bulk of the catalyst, as the
dissolution of Si into the Au is necessary for the observed
eutectic melting. However, for Au-catalyzed ZnO nanowires,
the diffusion path was determined to be along the surface of
the catalyst, as the gold lattice parameters indicated that no
Zn was dissolved in the gold, as previously reported.21
Both the question of the catalyst particle state at tem-
peratures between the eutectic and bulk melting tempera-
tures and the source material diffusion path fundamentally
come down to whether or not the source material will diffuse
into the catalyst particle. From our previous research, it was
found that in the case of Au-catalyzed ZnO nanostructures,
the growth species did not diffuse into the catalyst particle,
resulting in solid catalyst particles during growth and a sur-
face diffusion path of the source material.21 From the current
research on Au-catalyzed Si nanostructures, it was found that
the growth species did diffuse into the catalyst particle, re-
sulting in liquid catalyst particles during growth and a
largely bulk diffusion path of the source material.
By comparing the results, it may be observed that in the
case where the growth species did not diffuse into the cata-
lyst particle, the source material was ionic, and in the case
where the growth species did diffuse into the catalyst par-
ticle, the source material was nonionic. This difference in
bonding type of the source material may explain the differ-
ence in the results. As in the general chemical principle of
“like dissolves like,” chemical species will more likely dis-
solve in a solvent of the same bonding type. Since the cata-
lyst particle in all cases was metallic, the ionic growth spe-
cies for ZnO would be unlikely to dissolve into the catalyst
particle. However, the nonionic growth species for Si
would be more likely to dissolve into the catalyst particle,
allowing a bulk diffusion path and causing eutectic melting
of the catalyst particle. In this way, the catalyst particle state
and diffusion path are connected, and the same relationships
that favor solid catalyst particles also favor a surface diffu-
sion path.
VI. CONCLUSIONS
In situ XRD data were collected during the growth of
Au-catalyzed Si nanowires. The gold catalyst particles were
directly observed to be molten during growth. At the growth
temperature, melting of the gold requires a eutectic interac-
tion, implying the bulk diffusion of Si into the Au. These
findings for Au-catalyzed Si nanowires are consistent with
the conventional understanding of the VLS mechanism.
However, our previously published results on Au-catalyzed
ZnO nanorods21 found solid catalyst particles during growth
and surface diffusion of the source material to the growth
front.
The difference between the gold catalyst behavior for Si
or ZnO nanostructures points toward the importance of the
source material bonding type. In cases with compatible bond
types between the source material and catalyst, as in the
Au-catalyzed Si nanowires, the source material may diffuse
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into the catalyst particle and result in eutectic lowering of the
melting temperature. In cases with incompatible bond types,
as in the Au-ZnO nanorods, the source material cannot dif-
fuse into the catalyst particle to cause eutectic lowering of
the melting temperature.
These findings have important implications toward the
synthesis of 1D nanostructures for technologically important
applications. A better understanding of the synthesis mecha-
nism allows better control. Knowledge of the importance of
the source material and catalyst bonding type allows for an
informed choice of appropriate source materials and cata-
lysts. The ability to grow 1D nanostructures with solid cata-
lysts opens up the possibility of low temperature growth on
polymer substrates, for flexible devices. These findings can
aid the utilization of 1D nanostructures for second genera-
tion, active nanotechnology applications, in chemical sens-
ing, optical, photovoltaic, energy generation, and other areas.
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